Introduction
Gaining an understanding of the interfaces between peptides and inorganic materials is a fundamental and pivotal issue in a wide range of scientific disciplines. 1, 2 These interfaces play central roles in, for example, blood clotting, biomineralization, and biomedical applications. Analyzing the peptide/inorganic interface, especially at the single-molecule level, remains a nontrivial challenge, primarily because of the high flexibility and chemical heterogeneity of peptides. A variety of simple polypeptides with specific binding affinity to an inorganic material have recently been developed [3] [4] [5] [6] [7] [8] [9] using combinatorial selections of peptides produced through genetic-engineering techniques. 10, 11 Phage display and cell-surface display have been utilized to choose polypeptides that possess a high affinity for given inorganic targets. Inorganic-binding peptides were selected and identified through biopanning from random peptides displayed on the phage or cell surfaces. This biopanning process allows for the selection of a polypeptide with the desired binding affinity without knowledge about the amino acid sequence required for the binding. This is clearly an advantage of these display technologies. However, conversely, affinity selection by biopanning provides little knowledge of the suitable amino acid sequence.
Their recognition ability makes inorganic-binding peptides ideal molecular building blocks for novel nanomaterials [12] [13] [14] [15] [16] and nanostructures. [17] [18] [19] [20] For example, it was demonstrated that a gold-binding peptide exhibits selective adsorption on Au, even in the presence of another noble metal (Pt) on a micropatterned surface. Kinetic analyses using a quartz crystal microbalance have revealed a higher adsorption coefficient and a lower desorption constant of this polypeptide for Au compared to Pt. 21 Fusing the inorganic-binding peptide to functional biomolecules and nanomaterials provides an attractive method for the directed assembly of hybrid materials. Furthermore, the high affinity of these simple polypeptides provides a unique opportunity to investigate the interaction between the peptide and the inorganic material, which governs the peptide/inorganic material interface. Determining the molecular structure of the inorganic-binding peptide adsorbed on its target surface is important for understanding the interface. [22] [23] [24] We report herein on the imaging of an individual gold-binding peptide adsorbed on a Au surface by scanning tunneling microscopy (STM) under ambient conditions. The adsorbed structure of the single peptide was successfully visualized. FTIR spectroscopy revealed a helical structure of the GBP, and ab initio calculations confirmed the correlation between the observed STM image and the sample helical structure. Moreover, we found that peptide residues responsible for the binding affinity were aligned on the same side of the GBP helix. These results demonstrate that the conformational structure of the polypeptide is highly pre-organized, thus allowing favorable binding onto the gold surface. The results reveal that the conformational structure of the peptide is vital for binding.
Inorganic-binding peptides, which exhibit specific binding affinity to an inorganic material, are versatile building blocks in the construction of novel bio-conjugated materials. However, very little knowledge regarding their adsorbed structures on the target material is currently available. In this article, we report on the single-molecule analysis of such polypeptides by scanning tunneling microscopy (STM). The adsorbed structure of a gold-binding peptide (GBP) on Au(111) was observed at the single-molecule level. FTIR spectroscopy revealed the helical structure of the GBP, and ab initio calculations confirmed the correlation between the observed STM image and a sample helical structure. It has been demonstrated that the conformational structure of the polypeptide is highly pre-organized, allowing favorable binding onto the gold surface. Gaining such an insight into the relation between the structure and the binding function of the peptide leads to a fundamental understanding of inorganic-binding peptide, and, consequently, to a rational design of these peptides. 
Experimental

Reagents and chemicals
The reagents were of the highest grade available. The peptide sequence, MHGKTQATSGTIQS, which exhibits binding affinity to a gold surface, 3, 21 was selected as the sample polypeptide. Two kinds of polypeptides were investigated in the present study: one consisting of the single gold-binding sequence (1GBP), and the other containing three repeats of the sequence (3GBP). In addition, alanine-substituted 1GBP (1GBP-Ala), in which all of the threonine residues of 1GBP were replaced with alanine residues, was also investigated for a control experiment. All of the polypeptides were commercially synthesized (Toray Research Center, Tokyo, Japan). Deionized water purified with a Milli-Q water purification system (Japan Millipore, Tokyo, Japan) was used throughout the experiments. An atomically flat Au(111) thin layer, 200 nm thick, was prepared by thermal evaporation of Au (Nilaco) onto mica (Nilaco) under a vacuum. Microscope glasses (10 × 10 mm 2 ) were glued onto the Au layer with Epotek 377 (Epoxy Technology, Billerica, MA); these assemblies were heated at 150 C in an electric oven for 1.5 h. The mica sheet was stripped off to expose an ultra-flat clean Au(111) surface. 25 The gold-binding peptide was immediately adsorbed on the Au(111) surface after it had been exposed by stripping the mica. For the adsorption, aqueous solutions containing 1GBP (40 μM), 1GBP-Ala (40 μM), or 3GBP (13 μM) were applied onto the Au surface rotated at 4000 rpm by a spin coater.
Apparatus
STM observations were carried out using a Nanoscope E (Digital Instrument, Santa Barbara, CA) at room temperature in air. The images were recorded in the constant-current mode, typically at a bias voltage of +0.50 to +1.5 V and tunneling current of 0.20 -0.70 nA. The FTIR spectra were obtained in vacuo at room temperature using a JASCO FTIR-6200 spectrometer with a resolution of 4 cm -1
. The RAS (incident angle = 85 ) measurement of the gold surface-bound 1GBP was performed with a liquid-nitrogen cooled mercury-cadmium-tellurium (MCT) detector using an untreated gold substrate as a reference.
Theoretical calculations
The initial molecular geometry of 1GBP was constructed by adjusting the backbone dihedral angles so as to form a 310-helix according to the literature. 26 This geometry was optimized at the restricted Hartree-Fock (RHF) level.
An ab initio molecular-orbital calculation was conducted based on the DV-Xα method 27 using optimized molecular geometry. The square of the absolute value of the obtained wave function was then summed up from 0 to -2.3 eV relative to the Fermi level to estimate the local density of states (LDOS) relevant to the STM observation. Since the 1GBP molecule most probably adsorbs on Au by its aligned Ser and Thr, the molecular plane opposite to these residues was considered, whose orientation is illustrated in Fig. 4c . The LDOS was integrated with respect to the coordinate normal to this molecular plane, resulting in the theoretical STM image shown in Fig. 4d .
Results and Discussion
A peptide sequence, MHGKTQATSGTIQS, was selected as a sample polypeptide. It is known that a polypeptide containing this sequence avidly and specifically binds onto a gold surface. 3, 21 Previous studies on this gold-binding peptide revealed its binding kinetics, and an AFM observation was carried out to observe an ordered supramolecular self-assembly of a confluent peptide adlayer. 22, 28, 29 In the present work, we observed single isolated peptides by STM. Two kinds of polypeptides were investigated in the present study: one consisting of the single gold-binding sequence (1GBP), and the other containing three repeats of the sequence (3GBP). Figures 1a and 1b show typical large-scale STM images of the gold surface spin-coated with 3GBP and 1GBP solutions, respectively. Numerous protrusions were observed decorating the Au(111) terraces in both images. These protrusions were attributed to the polypeptides, and this interpretation was confirmed by FTIR spectroscopy (see below). The surface concentration of 3GBP was estimated to be 2.2 × 10 -12 mol/cm 2 based on a direct count of individual molecules in the STM image. High-resolution STM imaging revealed that some of the protrusions in the STM image of 1GBP were composed of multiple, not single, molecules. Thus, we refrain from elucidating the surface concentration of 1GBP. The most striking feature found in these images is the alignment of the sample molecules, especially apparent in Fig. 1b . The polypeptides align themselves into lines, implying anisotropic intermolecular interactions between the surface-bound peptides. In addition, there exists a characteristic bending along these lines, indicated by circles in Fig. 1b . The bend angle was found to be 126 ± 12 . This angle correlates well with the three-fold symmetry of the Au(111) surface in accord with the AFM observation of the confluent monolayer of 3GBP. 29 The peptides were adsorbed onto the Au(111) surface also by simply dipping the substrate into the peptide solution. The subsequent STM imaging showed similar adsorption characterestics as observed for the sample prepared by the spin-coating procedure described above, though the dip coating caused a higher surface concentration of the peptide than the spin coating. These results indicate that peptide adsorption is in registry with the atomic arrangement of gold, and such a registry could be one of the origins of the recognition ability of the sample polypeptides.
The material selectivity of the peptide binding was elucidated at the molecular level using STM observations. First, 1GBP was applied to highly oriented pyrolytic graphite (HOPG). HOPG has been used as a substrate for peptide adsorption, and it was reported that artificial or natural polypeptides formed closely packed β-sheets. 30 No protrusions, as seen on the gold surface, were observed (Fig. 2a) . However, a few large aggregates were found on the terrace. No similar structure was found on unmodified clean HOPG surfaces (Fig. S1 , Supporting Information).
High-resolution STM images showed that parallel-oriented peptides constitute such aggregates (Fig. 2b) . Similar results were obtained with 3GBP on HOPG. A gold surface modified with iodine 31 was also used to investigate the selectivity of the gold-binding peptides. Figure 2c shows a representative STM image of the I/Au(111) substrate after the modification process using the 1GBP solution. In contrast to the bare Au(111) surface (Fig. 1) , only sparse adsorbates existed on the I/Au(111) surface. Similarly, only a negligible amount of 3GBP was found on I/Au(111). Control experiments using alanine-substituted 1GBP also exhibited a decreased binding affinity of the polypeptide to the Au(111) surface (see below). These results demonstrate the stringent selectivity of the gold-binding polypeptides.
FTIR spectroscopy was employed for the characterization of 1GBP on the Au(111) surface. The measured reflection-absorption spectrum (RAS) is shown in Fig. 3b , together with that of 1GBP powder (Fig. 3a) . The absorptions around 1700 -1600 cm -1 and at 1525 cm -1 in the 1GBP powder spectrum are assigned to the amide I (C=O stretching) and amide II (N-H bending) vibrational modes, respectively. 32 The most prominent band in the amide I region (Fig. 3a) occurs at 1623 cm -1 , and it can be attributed to intermolecular β-sheet structures; this assignment is supported by the presence of an amide II band at 1525 cm -1 . 33 At the same time, the observation of a band at 1697 cm -1 together with the shoulder evident at 1540 cm -1 is consistent with the existence of intramolecular β-sheet structures in the 1GBP bulk powder. 33 Finally, the peak present at 1667 cm -1 in the amide I region and the shoulder at around 1550 cm -1 (amide II region) reveal the presence of 310-helices in the bulk sample. 34, 35 As shown in Fig. 3b , the amide I and II bands also clearly appear in the RAS spectrum of the Au(111) surface spin-coated with 1GBP, demonstrating the successful attachment of the polypeptides to the gold surface. This also confirms that the protrusions observed in the STM images (Fig. 1) correspond to gold-binding peptides. At the same time, however, significant differences between the spectra of the powder and the monolayer adsorbed onto Au(111) are evident in both spectral regions. Very importantly, the complete disappearance of the band at 1623 cm -1 provides strong evidence that the 1GBP monolayer on Au(111) does not include any intermolecular β-sheet structures. This supports the absence of aggregation occurring in the surface-bound 1GBP and is consistent with the alignment of the peptide molecules on the gold surface as seen in the STM images (Fig. 1b) . In contrast, the band centered at 1667 cm -1 remains prominent and is accompanied by the band at 1550 cm -1 , indicating the existence of 310-helical structures; this suggests either selective binding of the 310-helical structures in the 1GBP to the gold surface, or a structural transformation from the β-sheet to the 310-helix occurring upon adsorption. Furthermore, the shoulder appearing in the low-frequency side of the amide II region (∼1500 cm -1 ) can be attributed to N-H groups without hydrogen bonds, while the prominent band at 1550 cm -1 represents hydrogen-bonded amide II units; the amide II mode is known to show a blue shift when the N-H group is hydrogen-bonded. 36 The hydrogen-bond free N-H parts clearly seen in the 1GBP bound to the gold substrate may effectively interact with the gold surface and play an important role in the selective binding properties.
Further STM imaging was performed to investigate the binding structure at the single-molecule level. Figure 4a presents an STM image of a single 3GBP molecule that appeared as an oval-shaped protrusion. Although the β-sheet structure was anticipated according to the literature, 37 no such structure could be discerned in the STM image of Fig. 4a , but a faint elliptical bright contrast could be seen. This result was attributed to a deteriorated spatial resolution owing to hydrated water molecules. Since water molecules possess a high conductivity that gives rise to an enhanced contrast in STM images, hydrated water molecules can smear out intramolecular specimen structures. In addition, the structural flexibility of the sample molecules can degrade the resolution by thermal fluctuation. Considering that the β-sheet structures of 3GBP are formed by three 1GBP strands, 1GBP is less hydrated and more rigid than 3GBP owing to the decreased molecular dimension. Indeed, 1GBP allowed high-resolution imaging of its molecular structure adsorbed on Au(111), as shown in Fig. 4b . The bent structure of the single 1GBP molecule was clearly observed in the STM image. Although submolecularly resolved STM images have been reported for linear hydrocarbon molecules, 38 similar resolution is hardly achieved for biopolymers, including proteins, mainly because of their conformational flexibility. The spatial resolution of Fig. 4b is comparable to that of the recently reported STM image of cytochrome c. 39 The cytochrome c was carefully adsorbed on metal surfaces by electrospray ion beam deposition, and STM imaging was conducted in an ultrahigh vacuum condition. In the present study, the sample peptide was adsorbed simply by spin-coating and observed in an ambient condition; nevertheless, the similar resolution was achieved for 1GBP. We ascribe this result to the strong binding affinity of the gold binding peptide, leading to the firm immobilization ideal for the STM imaging.
The single-molecule structure experimentally observed on the gold surface was compared with the theoretically predicted gas-phase structure in order to determine whether structural changes occur upon the adsorption of the gold-binding peptide on its binding target. According to the FTIR measurements described above, the surface-bound 1GBP adopts the 310-helical conformation. The initial 310-helix structure of the 1GBP molecule was optimized at the restricted Hartree-Fock (RHF) level.
26 1GBP retained the same helical structure after geometry optimization (Fig. 4c) . It was found that four out of five serine or threonine residues of 1GBP were located in line on the same side of the helix in the optimized structure (see Fig. S2 , Supporting Information). It has been suggested that these polar amino acids account for the binding of the polypeptide on gold; 37 therefore, the aligned serine and threonine residues most probably constitute the binding sites on the gold surface. For this binding orientation, the local density of states (LDOS) near the Fermi level, which makes a dominant contribution to an STM image (Fig. 4d) , was calculated. The LDOS map exhibited higher intensities for C-terminal sequences (labeled "C" in Fig. 4d ), including serine, glutamine, and threonine, in addition to methionine, lysine, and glutamine near the N terminal ("Met," "Lys," and "Gln" in Fig. 4d, respectively) . Overall, the LDOS map for the 1GBP molecule showed a bent structure, consistent with the observed STM image. A slight deviation between the calculated LDOS and the observed STM image was noted for the "Gln" protrusion, which is apparent in Fig. 4d , but absent in Fig. 4b . This is attributed to the rotation of the long side chain of the glutamine residue. These results provide an insight into the role of the secondary structure in 1GBP adsorption. The STM image of the single 1GBP molecule in Fig. 4b agrees well with the LDOS image calculated on the basis of the optimized 310-helix structure in the gas phase. By adopting this structure, most of the serine and threonine residues, which lead to the binding affinity, 37 in the 1GBP sequence are found to be on the same side of the helix.
Control experiments were carried out to confirm the role of these amino-acid residues in the peptide adsorption. All of the threonine residues of 1GBP were replaced with alanine residues, and this alanine-substituted 1GBP (1GBP-Ala) was observed with STM. In stark contrast to the unsubstituted 1GBP, STM image of 1GBP-Ala showed no distinct contrast of the adsorbate, and only fuzzy bumps were observed (see Fig. S3 , Supporting Information). Given nearly the same molecular dimension of the 1GBP and 1GBP-Ala, the obscure appearance of the 1GBP-Ala is most probably due to a sizable surface mobility of this peptide, because such observations were frequently reported for mobile adsorbates. 40 The surface mobility indicates a decreased binding affinity caused by the alanine substitution. These results lead to the conclusion that the conformational structure of 1GBP polypeptide is highly pre-organized, allowing favorable binding to the gold surface. Although the deliberate design of simple peptides that show selective binding to inorganic materials was achieved by engineering only the amino acid sequences, [41] [42] [43] our conclusion suggests that the higher order structure of the peptide also needs to be taken into account to achieve a sophisticated binding affinity and selectivity.
Conclusions
In summary, we report on the single-molecule imaging of a gold-binding peptide. STM observations, in combination with FTIR spectroscopy, and theoretical calculations reveal that the conformational structure of the polypeptide contributes to its metal-binding affinity. Gaining such an insight into the correlation between the structure and the binding function of the peptide leads to a fundamental understanding of inorganic-binding peptides and, consequently, to the rational design of these peptides to create novel bio-nano conjugated materials. It remains difficult to characterize biomolecules on a solid surface at the single-molecule level because of the structurally and chemically complex nature of the analytes. Despite this difficulty, as shown in the present study, combining STM observations with theoretical simulations along with spectroscopic measurements offers an effective means for such analyses. Further details of the adsorbed structure of the gold-binding peptide can be obtained from molecular STM tips, which enable chemically selective imaging. 44, 45 Such experiments are currently in progress in our laboratory.
